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ABSTRACT: A facile method has been developed for
face-to-face assembly of two-dimensional surfactant-free
Pd nanosheets into one-dimensional Pd superlattice
nanowires. The length of the Pd nanowires can be well
controlled by introducing cations of different concen-
tration and charge density. Our studies reveal that cations
with higher charge density have stronger charge-screening
ability, and their introduction leads to more positive zeta-
potential and decreased electrostatic repulsion between
negatively charged Pd nanosheets. Moreover, their
surfactant-free feature is of great importance in assembling
the Pd nanosheets into superlattice nanowires. While the
cations are important for the assembly of Pd nanosheets,
the use of poly(vinylpyrrolidone) is necessary to enhance
the stability of the assembled superlattice nanowires. The
as-assembled segmented Pd nanowires display tunable
surface plasmon resonance features and excellent hydro-
gen-sensing properties.
During the past decades, self-assembly of nanocrystals(NCs) has attracted considerable interest due to their wide
range of applications in optics, electrics, catalysis, and sensing.1
Various strategies have been developed to fabricate NC
assemblies, such as interface induction,2 gravitational sedimenta-
tion,3 surface modification (e.g., CTAB and DNA),4 and
external-field assistance.5 Taking advantages of these methods,
one can construct various assembled structures by using NCs
with different shapes as building blocks. Two-dimensional (2D)
NCs are a kind of unique materials in self-assembly studies,
because they can assemble either face-to-face, forming one-
dimensional (1D) structures, or edge-to-edge, forming planar 2D
structures.6 Face-to-face stacked structures are thermodynami-
cally favorable and have been observed in lanthanides7 and
semiconductor8 nanoplates. Yet, when it comes to 2D metal
NCs, the stacked assembled structure is rarely reported. Face-to-
face self-assembly of Ag nanoplates was observed by the drop-
casting method.9 The hcp-Co nanodisks were assembled into 1D
structures due to the magnetic interaction.10
To better understand the assembly behaviors of 2D metal
NCs, the interparticulate interactions should be taken into
consideration. In a colloidal solution of metal NCs, the
predominant interactions are attributed to van der Waals force,
electrostatic force, interaction between capping agents, and
interaction between NCs and solvent. The attractive van der
Waals force is usually balanced by electrostatic or steric
repulsion; electrostatic repulsion comes from the charges on
NCs, and the steric repulsion is provided by surfactants or
polymers coated on the NCs.11 Previous research showed that
long-chain surfactants (e.g., CTAB and oleylamine) will promote
the assembly due to van der Waals interactions between the
surface ligands.12 Yang et al. demonstrated that adsorbed
poly(vinylpyrrolidone) (PVP) provided steric repulsion, and
unadsorbed PVP in solution provided depletion attraction in the
self-assembly of Ag superlattice;3 still, capping agents will hinder
the self-assembly in some cases. In 2002, Tang et al. found that
CdTe nanoparticles self-assembled into nanowires upon removal
of the excess organic stabilizer. They argued that partial stabilizer
removal increased the dipole−dipole attraction between CdTe
NCs.13 Thus, the interaction between capping agents is rather
complex and greatly interferes with other interparticulate
interactions. To get a deeper understanding of interactions in
self-assembly, we chose surfactant-free, negatively charged metal
NCs to eliminate the influence of organic capping agents, where
the electrostatic force would become predominant. Compared
with the interaction between capping agents, the strength of
electrostatic forces is much easier to control, providing us more
opportunities to control the self-assembly,14 but studies using 2D
surfactant-free metal NCs as building blocks in self-assembly
have been rarely reported.15
Herein, we demonstrate a facile strategy for assembling
surfactant-free Pd nanosheets (NSs) into 1D Pd superlattice
nanowires (SLNWs) by introducing trace amounts of counter-
cations (e.g., Fe3+, Al3+). In the assembled structure, the Pd NSs
are face-to-face stacked together to form SLNWs consisting of
repeated Pd NSs and fixed gaps along the longitudinal direction.
The concentration and charge density of introduced cations are
two critical factors that control the assembling ability and the
length of Pd SLNWs. Zeta-potential measurements reveal that
the cations play an important role in shielding the negative
charges on Pd NSs to decrease the electrostatic repulsion
between them. Also, the surfactant-free feature of Pd NSs is
important to achieve the face-to-face assembly. PVP, which is
introduced after the assembly, serves as a scaffold to stabilize the
Pd SLNWs. More interestingly, the assembled structures show a
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well-defined and tunable surface plasmon resonance (SPR) peak,
which is rarely reported in the pure Pd system.16 Owing to the 1D
structure, the as-assembled Pd SLNWs exhibit excellent
performance in sensing hydrogen gas (H2).
Ultrathin Pd NSs without organic capping ligands on their
surfaces were prepared using a carbonyl-mediated method
recently developed by our group.17 The surfactant-free feature
has inspired us to further investigate their self-assembling
behavior. As an oxidative etching agent, FeCl3 was previously
reported to have a significant influence on the growth process of
the PVP-protected Pd NSs, resulting in the formation of
mesocrystalline Pd nanocorolla.18 We thus first introduced FeCl3
in the room-temperature synthesis of surfactant-free Pd NSs (see
the Supporting Information for details) to evaluate the influence
of Fe3+. To our surprise, 1D Pd SLNWs instead of mesocrystal-
line Pd nanocorolla were obtained.
To figure out the reason for the formation of 1D Pd SLNWs,
we carefully characterized the as-prepared structure. As
illustrated in the transmission electron microscopy (TEM)
images (Figures 1a and S1), the SLNWs prepared with an Fe/Pd
molar ratio of 1 had an average length of 283 nm and a diameter
of 21 nm. The enlarged TEM image (Figure 1b) clearly shows
that the Pd SLNWs were composed of periodically face-to-face
assembled Pd NSs. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image and
energy-dispersive X-ray (EDX) elemental mapping (Figure 1c−
f) revealed that the structure consisted of Pd with Cl and small
amounts of Fe on the surface. The negative-charged chloride ions
provide electrostatic repulsion to stabilize the surfactant-free Pd
NSs. As detected by inductively coupled plasma atomic emission
spectroscopy (ICP-AES), there was ∼1% of Fe in the products.
To get a deeper understanding of this structure, Pd SLNWs in
the as-made solution were characterized using small-angle X-ray
scattering (SAXS). As shown in Figure 1g, the periodicity in the
SAXS patterns, with three peaks at q = 2.76, 5.52, and 8.28 nm−1,
indicated the presence of Pd SLNWs in the solution rather than
their formation by evaporating the solvent on a TEM grid. The
position of the first peak in the SAXS patterns corresponds to a
2.3 nm of center-to-center distance between the two nearest Pd
NSs (d = 2π/q),19 in accordance with the TEM results.
The use of FeCl3 is of critical importance for the self-assembly.
The length of Pd SLNWs can be finely controlled by regulating
the concentration of FeCl3. In the absence of FeCl3, the products
were freestanding Pd NSs (Figure 2a). When the molar ratio of
Fe/Pd reached 0.02, Pd NSs began to assemble into short
nanorods with lengths of 25 ± 6 nm (Figure 2b). As the Fe/Pd
ratio was gradually increased to 0.05, 0.1 and 1, the average length
of Pd SLNWs increased from 63 to 168 and 283 nm, respectively
(Figures 2c,d and S1, and Table S1). When the FeCl3
concentration was further increased, the products were
precipitated out due to the high ionic strength. When the Fe/
Pd ratio was further decreased to 0.01, the Pd NSs were not able
to assemble (Figure S4a). With the increasing length, the
diameters of the Pd SLNWs were always identical with those of
the Pd NSs (Table S1), further confirming that the Pd NSs
served as the building blocks. Pd SLNWs of different lengths
showed identical SAXS patterns as well, indicating that the
average gap distance was at the same value (Figure S5). Since CO
binds strongly on both the upper and lower (111) surfaces of the
Pd NSs,16a we thus consider that CO binding is the main reason
for forming the gaps. To see whether the Cl− ions in FeCl3 are
necessary for the self-assembly process, FeCl3 was replaced by
the same amount of Fe(NO)3.The Pd NSs were able to assemble
into SLNWs as well (Figure S4b). It can be thus concluded that
Fe3+ cations determine the assembling ability of Pd NSs, and
increasing the concentration of Fe3+ cations facilitates their
assembly to form longer Pd SLNWs.
To get a deeper understanding of why Fe3+ cations promoted
the assembly, the interactions between Pd NSs were taken into
consideration. Electrostatic control of the self-assembly of NCs
has been widely studied,20 but most of the experiments were
performed on surfactant-capped NCs. The presence of
interactions between capping agents greatly interferes with the
overall assembly behaviors of surfactant-capped NCs. Thus, we
first investigated how cations influence the electrostatic
interactions between surfactant-free Pd NSs. As revealed by ζ-
Figure 1. (a) Large-area and (b) enlarged TEM images, (c−f) HAADF-
STEM-EDX mapping images, and (g) SAXS pattern of the as-prepared
Pd SLNWs with an Fe3+/Pd molar ratio of 1.
Figure 2.TEM images of Pd NSs (a) and Pd SLNWs (b−d) obtained at
different Fe3+/Pdmolar ratios: (b) 0.02, (c) 0.05, and (d) 0.1. Increasing
the amount of FeCl3 promoted the assembly of Pd NSs to form longer
SLNWs.
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potential measurements (Figure 3a), the Pd NSs were negatively
charged in DMF solution. Upon addition of 10 μL of AlCl3
aqueous solution (Al/Pd = 0.01), the charge changed to almost
zero, and the Pd NSs assembled at the same time (Figure S4c).
We propose that the countercations shield the negative charges
on Pd NSs, and thus electrostatic repulsion is greatly reduced,
leading to the assembly of Pd NSs into SLNWs.
From the above analysis, it is expected that other charged
species can also induce self-assembly. Research in biophysics has
shown nicely that the self-assembly of biomolecules follows the
theory of counterion condensation.21 The folding efficiency of
RNA can be greatly improved by using divalent cations to replace
monovalent cations.22 Inspired by these results, we chose NaCl,
MgCl2, and AlCl3 to investigate the influence of cations’ valence.
As shown in Figure 3b−d, under the same ionic strength of 3.6
mM, trivalent Al3+ cations were able to assemble the Pd NSs
together into reasonably long SLNWs, but monovalent Na+
cations were not. The divalent Mg2+ cations assembled Pd NSs
into short nanorods. The ζ-potential measurements (Table S2)
revealed that cations with higher valence led to more positive ζ-
potentials under the same ionic strength. With increasing
concentration, the ζ-potential moved toward positive values,
but to different extents. The ζ-potential was still quite negative
even in the presence of a high concentration of Na+, which was
not able to induce self-assembly (Figure S6a). In comparison, the
ζ-potential in the presence of Mg2+ moved to a more positive
value than Na+. Increasing the Mg2+ concentration readily
induced self-assembly to form longer SLNWs (Figure S6b). In
the case of Al3+, the ζ-potential did not increase further when the
ionic strength increased above 36 mM since all of the Pd NSs
were assembled into SLNWs. To better explain this phenom-
enon, we introduced the charge density (ρ = Ze/V) to describe
the charge-screening ability of countercations, where Z is the
valence, e is the elementary charge, and V is the volume of
cations.23 The charge densities of different cations were
calculated (Table S3). The results showed that the charge
densities of trivalent cations were much higher than those of
divalent and monovalent cations. Thus, trivalent cations showed
the largest ability to assemble Pd NS under the same ionic
strength. Thus, both the concentration and the charge density of
cations influence the surface charge of PdNSs. Amore positive ζ-
potential resulted in the formation of longer Pd SLNWs.
Countercations play important roles in the self-assembly of Pd
NSs. It should be noted that PVP is also necessary in forming
stable Pd SLNWs. In this work, PVP was introduced after the
assembly, so the effect was rather different from that in the
previous studies.3 To better understand the role of PVP, the
original products without added PVP was characterized by TEM;
the images showed that Pd SLNWs did exist (Figure S7a,b).
However, when the excess salts were removed by washing, the Pd
SLNWs were destroyed during the centrifugation or ultrasonic
dissolution (Figure S7c). If some PVP was introduced into the
solution after the assembly but before the purification, the Pd
SLNWswere nicely preserved.When PVPwas introduced before
FeCl3, it adsorbed on the surface of Pd NSs and prevented the
assembly (Figure S7e). It should be noted that, although the face-
to-face assembly was also observed on PdNSs prepared in the co-
presence of cetyltrimethylammonium bromide (CTAB) and
PVP,16a the assembled structures were much shorter than Pd
SLNWs assembled from surfactant-free Pd NSs (Figure S8). The
absence of surfactants is a key factor for the self-assembly of Pd
NSs into long Pd SLNWs, yet it is obvious that PVP serves as a
scaffold to increase the stability of the final assembled structure.24
The most exciting feature of the as-assembled Pd SLNWs is
that they exhibit well-defined and tunable SPR properties. As
shown in Figure 4a, the extinction spectra experienced a great
blue-shift during the assembly. The Pd NSs with an average
diameter of 21 nm had a SPR peak at 838 nm. The extinction
peak of the Pd SLNWs shifted from 660 to 623 and 590 nm with
increasing length. To explain the shift of the SPR peak, we
calculated the extinction spectra using the discrete dipole
approximation method.25 As shown in Figure S9, the SPR peak
showed a surprisingly large blue-shift while more and more Pd
NSs were stacked, qualitatively matching with the experimental
results. The calculated incident direction-dependent extinction
spectra indicate that the plasmonic absorption comes from the
in-plane mode rather than the out-of-plane mode of Pd SLNWs
(Figure S10), which is different from the case of Ag nanoplates.9
To better understand the SPR property, the charge distribution
of Pd SLNWs was calculated under the peak wavelength (Figure
S11). The in-phase repulsive charge distribution corresponded to
an antibonding mode26 according to the plasmon hybridization
theory,27 resulting in the large blue-shift. As the plasmon
coupling is sensitive to the interparticulate distance, the decrease
Figure 3. (a) Zeta-potentials of the Pd NSs before addition of AlCl3 and
of the Pd SLNWs after addition of AlCl3, measured in the original DMF
solution. (b−d) TEM images of Pd NSs or SLNWs prepared with NaCl
(b), MgCl2 (c), and AlCl3 (d) aqueous solution under the same ionic
strength of 3.6 mM.
Figure 4. (a) UV−vis extinction spectra of the Pd NSs and Pd SLNWs.
The SPR peak blue-shifted with increasing length. (b) Change in the
resistance of Pd SLNWs upon exposure to H2 gas at different
concentrations.
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of gap size will result in the larger blue-shift in antibonding mode,
which is confirmed by the calculation (Figure S12). Thus, the
blue-shift of the SPR peak during assembly is due to the repulsive
charge distribution between stacked Pd NSs caused by in-plane
plasmon coupling. This large blue-shift and unique interacting
mode are rarely reported in the literature.
In addition to the unique SPR property, the assembled Pd
SLNWs exhibited excellent performance in H2 sensing due to the
1D assembly structure and the ultrathin nature of the Pd NSs
(Figure 4b). Before the measurement, a suspension of Pd
SLNWs was dropped on the interdigital electrodes. Exposure of
the assembled Pd SLNWs to H2 gas at room temperature caused
a rapid and reversible increase of the resistance, due to the
formation of PdHx.
28 As the concentration of H2 gas decreased
from 4% to 0.25% with argon as the carrier gas, the change of
resistance (ΔR/R0) decreased from ∼7% to 2%. No obvious
change of morphology was observed after exposure to H2,
indicating the excellent stability and reversibility of Pd SLNWs
(Figure S13).
In conclusion, a facile method has been developed to assemble
2D surfactant-free Pd NSs into 1D SLNWs by inducing cations
to regulate the electrostatic interaction. The efficacy for trivalent
cations to induce the assembly was much higher than for divalent
cations and individual monovalent cations. Both the concen-
tration and charge density of cations influenced the surface
charge of Pd NSs by shielding negative charges on the Pd NSs,
thus decreasing the repulsive electrostatic interaction between
NSs. A more positive ζ-potential resulted in the formation of
longer Pd SLNWs. The surfactant-free feature of Pd NSs
eliminates the influence of interactions between capping agents,
ensuring self-assembly under electrostatic control. The as-
assembled Pd SLNWs had well-defined and tunable SPR feature.
We attribute the extremely large blue-shift during assembly to the
unique ultrathin feature and ultrasmall separation (∼1 nm)
between the Pd NSs, which cause strong in-plane plasmon
coupling. Moreover, the as-assembled Pd SLNWs exhibited
excellent performance in H2 sensing. We believe that this cation-
induced charge-screening method can be used to assemble other
surfactant-free NCs. The Pd SLNWs with sub-nanometer gaps
are expected to provide an excellent model for molecular
electronics to study the tunneling behavior of electrons.
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